Background: Among the most prominent molecular constituents of a recycling synaptic vesicle is the clathrin triskelion, composed of clathrin light chain (Clc) and clathrin heavy chain (Chc). Remarkably, it remains unknown whether clathrin is strictly necessary for the stimulus-dependent re-formation of a synaptic vesicle and, conversely, whether clathrin-independent vesicle endocytosis exists at the neuronal synapse. Results: We employ FlAsH-FALI-mediated protein photoinactivation to rapidly (3 min) and specifically disrupt Clc function at the Drosophila neuromuscular junction. We first demonstrate that Clc photoinactivation does not impair synaptic-vesicle fusion. We then provide electrophysiological and ultrastructural evidence that synaptic vesicles, once fused with the plasma membrane, cannot be re-formed after Clc photoinactivation. Finally, we demonstrate that stimulus-dependent membrane internalization occurs after Clc photoinactivation. However, newly internalized membrane fails to resolve into synaptic vesicles. Rather, newly internalized membrane forms large and extensive internal-membrane compartments that are never observed at a wild-type synapse. Conclusions: We make three major conclusions. (1) FlAsH-FALI-mediated protein photoinactivation rapidly and specifically disrupts Clc function with no effect on synaptic-vesicle fusion. (2) Synaptic-vesicle re-formation does not occur after Clc photoinactivation. By extension, clathrin-independent ''kiss-and-run'' endocytosis does not sustain synaptic transmission during a stimulus train at this synapse. (3) Stimulusdependent, clathrin-independent membrane internalization exists at this synapse, but it is unable to generate fusioncompetent, small-diameter synaptic vesicles.
Introduction
The rapid, stimulus-dependent re-formation of synaptic vesicles is essential for the sustained function of the nervous system. Perhaps the most prominent molecular feature of a recycling synaptic vesicle is the clathrin coat, formed from interlinking triskelia composed of clathrin light chain (Clc), clathrin heavy chain (Chc), and associated adaptor proteins [1] . Despite this, the precise function of Clc and Chc during synaptic-vesicle re-formation has remained difficult to define. For example, it remains unknown whether clathrin (Clc or Chc) is strictly necessary for stimulus-dependent re-formation of synaptic vesicles and, conversely, whether clathrin-independent vesicle endocytosis exists at neuronal synapses. There is evidence that assembly of clathrin and AP2 is necessary for membrane curvature during the process of vesicle budding in nonneuronal cells [2] , most likely functioning in concert with other adaptor proteins such as epsin and endophilin [3, 4] . The importance of clathrin is further underscored by the observation that AP2 and epsin are not sufficient to generate membrane curvature in HeLa cells depleted of clathrin by RNA interference (RNAi) [2] . However, the degree to which clathrin controls membrane curvature and how disruption of clathrin might affect synaptic-vesicle formation in vivo is not known [5] [6] [7] .
The lack of information regarding clathrin function at synapses has been the source of numerous hypotheses regarding the molecular pathways responsible for synaptic-vesicle re-formation. Clathrin-independent endocytosis has been invoked as a molecular hallmark for the proposed ''kiss-andrun'' mode of vesicle recycling. In other studies, the formation of internalized, endosome-like membrane compartments has been proposed to occur in a clathrin-independent manner, allowing a synapse to recover membrane when the demands of vesicle recycling exceeds the capacity of the clathrin-dependent-endocytosis mechanisms [5, 6, [8] [9] [10] [11] [12] . Although biochemical data support such a model [13] , we do not know whether clathrin is necessary for the formation of the endosome-like compartments and we do not know whether clathrin is required for the budding of new synaptic vesicles from these internal compartments, though clathrin is observed at sites of budding from endosomes [6] .
A recent study used gene-specific RNAi to knock down clathrin-heavy-chain protein in cultured hippocampal neurons to address clathrin function during synaptic-vesicle endocytosis [14] . After Chc RNAi, synaptic vesicles released during a short stimulus train (four action potentials) were not internalized and reacidified, as monitored by the quenching of pH-sensitive green fluorescent protein (GFP) localized to the luminal domain of the synaptic vesicle (synaptopHluorin). However, in this study, longer stimulus trains did show evidence of significant GFP reacidification and, therefore, vesicle recycling. Furthermore, vesicle reacidification was assayed only over a short time interval (120 s). Therefore, it remains unknown whether synaptic vesicles can ultimately be re-formed after clathrin depletion or inhibition. In addition, the fate of internalized membrane, if it occurs, was not defined.
To address these questions, and to further define the function of clathrin during synaptic-vesicle recycling, we have acutely photoinactivated Clc in a time frame of seconds to minutes by using the transgenically encoded FlAsH-FALI technique [15] [16] [17] . This technique is based on the use of a six amino acid tetracysteine epitope tag (4C) that covalently binds the membrane permeable fluoresceine derivative FlAsH-EDT 2 (commercial name Lumio, referred to from here on as Lumio [18] ). When excited with fluorescent light, Lumio bound to the tetracysteine tag inactivates the tagged protein with a half-maximal distance of approximately 40 Å through the generation of transient reactive oxygen species [19] . In Drosophila, this technique was previously used for the rapid and specific photoinactivation of the Synaptotagmin 1 protein (Syt1) [15] [16] [17] . Here, we apply this same technique to photoinactivate Clc at the Drosophila neuromuscular junction (NMJ). Our data support a model in which stimulus-dependent membrane internalization persists after Clc photoinactivation, but newly internalized membrane is incapable of forming new, fusion-competent, synaptic vesicles.
Results
We have tagged the amino terminus of the Drosophila clathrinlight-chain gene with a six amino acid tetracysteine motif (Clc4C) and placed this transgene under the control of the upstream activation sequence (UAS) promoter to enable GAL4-dependent transgene expression (UAS-Clc4C). Clc is almost ideally suited as a target for Lumio-FALI-mediated protein photoinactivation. Because Clc assembles into a clathrin lattice, sites of photoinactivation will be widely distributed within an individual lattice composed of multiple triskelia ( Figure 1A , right). Therefore, even if photoinactivation does not damage every Clc protein, or if not every Clc protein is bound by the Lumio ligand, the accumulated affect of Clc photoinactivation should severely perturb or prevent formation of the multisubunit clathrin lattice. Furthermore, clathrin assembly into a submembranous lattice is a highly cooperative process [20] , which again favors our ability to functionally disrupt clathrin with protein photoinactivation.
Mutations in the clc gene are not available and, as a result, we were unable to replace the clc gene with UAS-Clc4C expression. However, it was previously shown that overexpression of epitope-tagged Clc in mammalian cells effectively replaced endogenous Clc protein [21] . We find a similar result at the Drosophila NMJ. When UAS-Clc4C is expressed in neurons, we find significant Lumio staining of Clc4C at the NMJ, demonstrating efficient expression and trafficking of Clc4C to synapses ( Figures 1B and 1D ). When these same animals are stained with a Clc antibody ( Figure 1B) , we find that total synaptic Clc levels at the NMJ are unchanged compared to those of the wild-type (WT = 100% 6 0.84% compared to neuronally expressed UAS-Clc4C = 101% 6 0.7%; Student's t test, p = 0.64). A quantitatively identical result was also obtained by overexpression of UAS-Clc-GFP ( Figure 1B ). Clc-GFP is efficiently trafficked to the NMJ, and total Clc levels at these NMJs are 98% 6 0.9 that of wild-type levels (p = 0.65). These data are consistent with the conclusion that Clc levels are tightly regulated within Drosophila motoneurons and that Clc transgene overexpression can replace the majority of endogenous Clc protein.
Next, we asked whether expression of UAS-Clc4C had any effect on baseline NMJ development or function. Loss-offunction mutations in endocytic adaptor proteins have been shown to alter NMJ morphology, causing the appearance of characteristic highly ramified satellite boutons [22, 23] . NMJ morphology is normal after UAS-Clc4C overexpression, consistent with normal synapse development and normal mechanisms of endocytosis at the NMJ ( Figure 1B ; Figure S1 available online). When we assayed baseline synaptic transmission at NMJs expressing UAS-Clc4C in neurons, we found that excitatory postsynaptic potential (EPSP) amplitudes are wild-type (EPSP amplitude: 54.5 mV 6 1.9 mV in wild-type versus 55.6 mV 6 8.8 mV in Lumio-labeled UAS-Clc-4C-expressing synapses; p > 0.3). However, we do observe a statistically significant increase in spontaneous miniature EPSP (mepsp) amplitude at UAS-Clc4C-expressing NMJs (0.98 mV 6 0.04 mV in the wild-type versus 1.57 mV 6 0.36 mV in Lumio-labeled UAS-Clc-4C-expressing synapses). Increased mepsp amplitude correlates with a significant increase in synaptic-vesicle diameter (33% increase in average vesicle diameter; p < 0.001; see ultrastructural data below). However, as shown below, with both synaptic electrophysiology and electron microscopy, the synaptic-vesicle-pool size is robust at UAS-Clc4C-expressing NMJs, and the presynaptic terminal can effectively sustain prolonged high-frequency stimulation in a manner quantitatively similar to that observed in the wild-type. These data indicate that any potential adverse effect of UAS-Clc4C expression on synaptic-vesicle formation is modest. We conclude neuronal expression of UAS-Clc4C expression significantly replaces endogenous Clc protein and functions effectively, though not perfectly, during synaptic-vesicle recycling.
We next assayed the effect of Clc4C photoinactivation on evoked synaptic transmission. We previously demonstrated that photoinactivation of 4C-tagged synaptotagmin 1 (Syt14C) blocked evoked synaptic transmission after 30 s of illumination (488 nm light; wide-field microscopy) [15] . By contrast, photoinactivation of Clc4C (3 min of illumination at 488 nm, wide-field illumination, bleaching Clc4C to extinction) does not alter evoked synaptic transmission (EPSP amplitude is 57.5 mV 6 9.6 mV prior to photoinactivation versus 51.4 mV 6 5.4 mV after photoinactivation; p > 0.4) or the amplitude of spontaneous miniature release events (mepsp amplitude is 1.57 mV 6 0.36 mV prior to photoinactivation versus 1.23 mV 6 0.42 mV after photoinactivation) ( Figure 1C ). We also demonstrate that the localization of Clc protein is unaffected by photoinactivation ( Figures  1B and 1D ). Because Clc4C photoinactivation does not alter evoked transmission or mepsp amplitude (or rate; data not shown), we conclude that the damaging effects of Clc4C illumination do not extend to neighboring proteins, such as Syt1 or SNAREs, within the synaptic-vesicle pool that are necessary for synaptic-vesicle fusion. This is consistent with the restriction of Lumio-FALI-mediated photoinactivation to a small radius, primarily affecting the epitope-tagged Clc4C protein [15] .
Clc Photoinactivation Blocks Synaptic-Vesicle Recycling
To examine whether Clc4C photoinactivation affects synapticvesicle recycling, we first tested the ability of NMJs to maintain synaptic transmission during repetitive stimulation (8 Hz) in high extracellular calcium saline (2 mM extracellular Ca 2+ ). Control NMJs expressing UAS-Clc4C were labeled with Lumio but did not experience illumination (photoinactivation). Experimental NMJs were identical, except they received photoinactivation (3 min, 488 nm illumination). NMJs that are labeled without photoinactivation are able to stably maintain large EPSP amplitudes throughout a train of 6000 stimuli at 8 Hz ( Figures  2A, 2B , and 2D). After the cessation of stimulation, these EPSP amplitudes recover toward prestimulus levels within 1 min ( Figure 2B ). Identical control results were obtained for wild-type NMJs that experienced illumination without Lumio labeling and for wild-type NMJs that were incubated in Lumio and experienced illumination ( Figure S2 ). In all control experiments, EPSP amplitudes were maintained during the stimulus train. In contrast, NMJs that experience Clc4C photoinactivation show rapid depression of EPSP amplitudes that, on average, reach 0 mV during a 6000-pulse stimulus train (Figures 2A, 2B, and 2D). A significant difference in depression is observed within the first 2 s of stimulation, demonstrating an immediate effect on vesicle recycling ( Figure 2C ). After the stimulus train, photoinactivated NMJs do not recover ( Figure 2B ), even when the recovery period is prolonged for 6 min. Finally, the rate of synaptic depression after Clc4C photoinactivation mimics that observed in the temperature-sensitive dynamin mutant shibire TS2 held at the nonpermissive temperature (34 C), which blocks synaptic-membrane recycling ( Figure 2A ). EPSP amplitudes at shibire mutant terminals recover after return to the permissive temperature (22 C) (data not shown). Taken together, these data indicate that Clc photoinactivation blocks synaptic-vesicle recycling.
If we have depleted the synaptic-vesicle pool and blocked vesicle recycling, then we expect mepsps to be eliminated in parallel with evoked release. After the stimulus train, control NMJs have mepsps of normal amplitude and frequency ( Figure 2F ). In contrast, photoinactivated NMJs that experience 6000 stimuli are virtually devoid of mepsps ( Figure 2F ), consistent with the depletion of the vesicle pool. At some NMJs, we observe residual mepsps that occur with significantly smaller amplitudes than those observed in controls ( Figure 2E ; average mepsp size decreases from 1.57 mV 6 0.36 mV prior to photoinactivation to 0.44 mV 6 0.14 mV after photoinactivation and synaptic stimulation). Because the average EPSP amplitude asymptotes at zero just prior to the end of the stimulus train, and because residual mepsps were not observed in every recording, we hypothesize that these residual events represent synaptic vesicles that would eventually be released if we had continued stimulation for several additional minutes. Alternatively, because EPSP amplitudes fail to recover after the end of the stimulus train, these residual mepsps could represent vesicles present at release sites that are incapable of evoked vesicle release but that still undergo spontaneous vesicle fusion. Again, these results are consistent with the conclusion that Clc4C photoinactivation blocks vesicle recycling.
Next, we explored how partial Clc photoinactivation affects synaptic-vesicle recycling. First, we shortened the duration of Lumio illumination to 20 s (partial bleaching and partial photoinactivation) and quantified the effects on synaptic transmission during a train of 6000 stimuli at 8 Hz ( Figure 2G ). NMJs experiencing partial photoinactivation show an initially high rate of synaptic-vesicle depletion. However, after the first 200 s, transmission at partially photoinactivated NMJs becomes identical to the response of NMJs without photoinactivation. This result indicates that synaptic-vesicle recycling is initially impaired but then resumes at a normal rate. As expected, the initial disruption of endocytosis is not as severe as that observed after complete Clc photoinactivation (compare the second time points in Figures 2A and 2G) .
In another series of experiments, we completely photoinactivated Clc4C (bleached to extinction) and then delivered sequential stimulus trains of 100, 200, and 500 stimuli (20 Hz). Each short stimulus train was followed by a recovery period of low-frequency stimulation (0.2 Hz). In this experiment, each stimulus train caused pronounced synaptic depression, consistent with endocytic blockade after Clc photoinactivation ( Figure 2H ). However, we now observe significant recovery of EPSP amplitudes after each train (% average recovery: 22.7% 6 1.8% for 100 EPSP train; 44.8% 6 3.0% for 200 EPSP train; 136.6% 6 17.7% for 500 EPSP train). The recovery of EPSP amplitudes after a short stimulus train is consistent with the mobilization of reserve pool vesicles after depletion of the readily releasable pool. The gradual reduction of baseline EPSP amplitude (average EPSP amplitude for the first EPSP of each successive stimulus train) is consistent with the incomplete recovery of the releasable pool during endocytic blockade, as previously documented at the Drosophila NMJ [24] . These data argue that complete photoinactivation of Clc4C does not disrupt the normal processes of vesicle mobilization or release. Taken together, our data indicate that photoinactivation of Clc specifically and completely blocks synapticvesicle recycling at the Drosophila NMJ.
Altered Membrane Internalization after Clc Photoinactivation
We next addressed whether membrane can be internalized after Clc photoinactivation. Experimental NMJs were Lumio labeled and photoinactivated for 3 min prior to delivery of a stimulus train to achieve complete vesicle depletion (6000 stimuli at 8 Hz). Control NMJs were labeled with Lumio but did not receive illumination prior to stimulation. In each case, stimulated NMJs were allowed to recover for 1 min prior to fixation. Control NMJs show robust synaptic-vesicle pools that are indistinguishable from wild-type NMJs ( Figure 3A) . Synaptic vesicles of uniform diameter fill synaptic boutons and cluster around active zones ( Figure 3A) . In contrast, photoinactivated NMJs show a dramatic phenotype of altered membrane internalization ( Figures 3B and 3B 0 ). Many synaptic boutons are completely filled will large-diameter membrane compartments and apparent sheets of membrane. Other boutons are completely devoid of synaptic vesicles ( Figure 3B 00 ). Neither phenotype has ever been observed in our hands at wild-type Drosophila NMJs [17, 25, 26] .
It is possible that these large internal-membrane structures are formed via an autophagy-like process that consumes the plasma membrane. However, the peripheral plasma membrane of the bouton appears intact ultrastructurally. In addition, we show that gross NMJ morphology, neuronalplasma-membrane markers, and a marker of the synaptic active zone (Bruchpilot [Brp]) all appear normal at the light level after Clc4C photoinactivation and stimulation (6000 stimuli at 8 Hz in 2 mM Ca 2+ saline) ( Figure S1 ). From these data, we conclude that the large internal-membrane structures are likely derived from aberrantly internalized recycling synaptic membranes.
Next, we asked whether the large internal-membrane structures are continuous with the synaptic plasma membrane. To address this issue, we first completely photoinactivated Clc4C and then stimulated the NMJ in the presence of FM4-64. Photoinactivated NMJs load FM4-64 as well as Clcexpressing NMJs that lack photoinactivation (Figure 4) . However, FM4-64 cannot be washed from the synaptic membranes of photoinactivated NMJs, indicating that the dye has been internalized into membrane compartments that are no longer open to the extracellular media (Figure 4 , left images are taken after 15 min of continuous washing with 0 mM Ca 2+ HL3 at 4 C). We also demonstrate that dramatically less FM4-64 is rereleased from photoinactivated NMJs compared to controls. Only 27.5% 6 5.4% of loaded FM was rereleased by high potassium stimulation at photoinactivated terminals compared to 64.3% 6 4.8% of loaded FM4-64, which was rereleased from control terminals. Together, these data indicate that the large internal-membrane compartments, observed at the electron microscopy (EM) level, are derived from recently internalized, recycling, synaptic plasma membrane. Furthermore, these large internal-membrane structures, once formed, do not readily re-fuse with the synaptic plasma membrane. Indeed, if some membrane fusion occurs, as evidenced by small amounts of FM4-64 release, these fusion events do not release glutamate because there is no electrophysiological recovery from photoinactivation and stimulation (see above). Finally, the observation that FM4-64 cannot be washed from NMJs after stimulus-dependent loading suggests that membrane fission occurs after Clc4C photoinactivation. This conclusion is further supported by the observation that synaptic terminals do not passively load with FM4-64 if the dye is applied after photoinactivation and stimulation (data not shown). However, we cannot completely rule out the possibility that these internal compartments remain continuous with the plasma membrane.
To further examine the phenotype of membrane internalization after Clc4C photoinactivation, we performed an ultrastructural analysis of photoinactivated NMJs that experienced partial rundown ( Figure 5 ). We hypothesize, based upon our electrophysiological data, that we might observe a small number of enlarged presynaptic membrane compartments at otherwise normal active zones. Two controls were performed: (1) NMJs were Lumio labeled and stimulated without illumination (stimulation control) and (2) NMJs were labeled and illuminated but were not stimulated (Lumio reagent control). Control NMJs show normally distributed synaptic vesicles and vesicles of , the synaptic bouton is filled with sheets of membrane that form large, elongated membrane compartments. In (B 00 ), a synaptic bouton is observed that is devoid of all synaptic vesicles. Control bouton profiles without synaptic vesicles were never observed. The scale bar represents 500 nm. consistent size ( Figures 5A, 5B, 5D , and 5E). In contrast, NMJs that received both photoinactivation and stimulation showed a significant phenotype of altered vesicle diameter ( Figures  5C, 5D , and 5E) and aberrant membrane internalization ( Figure 5F ). The stimulus control, as well as the Lumio control NMJs, displayed a modest increase in average vesicle diameter compared to wild-type synapses (40.4 6 0.1 nm and 40.0 6 0.2 nm, respectively, versus 30.1 6 0.4 nm in the wild-type [17] ). Thus, neuronal expression of Clc4C has a small, statistically significant effect on vesicle diameter. However, Clc4C-expressing synapses that were Lumio labeled, photoinactivated, and stimulated showed a dramatic additional increase in average vesicle diameter (55.0 6 1.1 nm, p < 0.001). Further inspection of individual boutons revealed many large membranous structures with diameters up to 260 nm ( Figures 5C and 5E) . These large vesicles are reminiscent of the cisternae that accumulate in synapses of several species after intense stimulation [8, 27, 28] . Again, the enlarged internal-membrane compartments appear to be nonfunctional because we do not observe enlarged mepsp events, even infrequently, after this protocol (Figure 1 and data not shown) . Interestingly, we occasionally observed anomalous internalization of the presynaptic membrane, forming loop-like structures of unusual membrane topology ( Figure 5F ). These data suggest that the process of stimulus-dependent membrane internalization is aberrant in the absence of clathrin. We hypothesize, therefore, that bulkmembrane internalization can occur in the absence of clathrin but that the mechanism might normally include clathrindependent regulation.
Discussion
Here, we provide data that advances our understanding of clathrin function at neuronal synapses in several fundamental ways. First, we provide evidence that stimulus-dependent synaptic-vesicle re-formation is blocked after Clc photoinactivation. We then examine membrane recycling at the ultrastructural level. We show that clathrin-independent mechanisms of membrane internalization exist at the Drosophila NMJ, but these mechanisms are unable to generate fusioncompetent, small-diameter synaptic vesicles. Thus, vesicle re-formation requires clathrin, and, by extension, clathrinindependent vesicle re-formation does not occur at the Drosophila NMJ.
Specificity of Lumio-FALI-Mediated Protein Photoinactivation
Several observations indicate that Clc4C photoinactivation does not cause distributed, nonspecific damage to other proteins in the presynaptic nerve terminal. First, photoinactivation of Clc4C specifically disrupts synaptic-vesicle recycling, as predicted, without altering baseline vesicle release in response to single action potentials delivered at low frequency (Figure 1 ). In contrast, our prior work demonstrated that photoinactivation of Syt1 (Syt14C) substantially disrupts evoked transmitter release in seconds [15] . Thus, the photoinactivation phenotypes that we observe are specific to the targeted protein, arguing against nonspecific, widespread damage in the presynaptic nerve terminal. Second, when we completely photoinactivate Clc4C and deliver a short stimulus train, EPSP amplitudes are observed to recover toward baseline amplitudes (Figure 2 ). This is consistent with normal vesicle mobilization from the reserve pool to repopulate the readily releasable pool of synaptic vesicles at the Drosophila NMJ [24] . Thus, the mechanisms of vesicle mobilization remain intact despite Clc photoinactivation. Finally, the general architecture of the NMJ remains normal at the light level after complete photoinactivation and depletion of the vesicle pool ( Figure S1 ). In summary, although we can not rule out collateral protein damage altogether, our data are consistent with prior studies suggesting that Lumio-FALI-mediated protein photoinactivation can disrupt the function of a 4C-tagged protein with remarkable specificity, and with the spatial and temporal precision of light [15, 29] . Implications for the Kiss-and-Run Model of Synaptic-Vesicle Endocytosis It has been proposed that synaptic vesicles can transiently fuse with the plasma membrane, release their contents into the synaptic cleft, and reinternalize in a dynamin-dependent but clathrin-independent manner. This mechanism of vesicle recovery, termed kiss and run, is proposed to account for a significant fraction of internalized synaptic vesicles at mammalian central synapses [30, 31] , (for review see [13] ). However, recent work examining vesicle recycling at mammalian hippocampal synapses depleted of clathrin with gene-specific RNAi demonstrates that the reacidification of pH-sensitive synaptophluorin GFP is blocked after a short train of action potentials (4 stimuli) [14] , a result inconsistent with the kiss-and-run hypothesis.
A second line of experimentation has been used to argue that kiss and run can sustain synaptic transmission even in the background of an endophilinA mutation [32] . At the Drosophila NMJ, two independent studies demonstrate that 80%-90% of the synaptic-vesicle pool is depleted during prolonged synaptic stimulation in endophilinA mutant animals. Both studies demonstrate that residual vesicle release can persist for prolonged periods of time (>10 min) [32, 33] . However, these studies ultimately arrive at different conclusions, based in part upon differing results from FM-dye-uptake experiments. One study concludes that kiss-and-run endocytosis sustains low levels of vesicle recycling in the endophilinA mutant, whereas the other study concludes that persistent release is achieved by crippled clathrin-dependent endocytosis. Here, we demonstrate that the synaptic-vesicle pool at the Drosophila NMJ can be completely depleted during a stimulus train after Clc photoinactivation. Furthermore, the rate of vesicle depletion is identical to that observed in a dynamin mutant background. When we considered this in combination with our ultrastructural data, we concluded that synaptic vesicles cannot be re-formed in the absence of functional Clc. Therefore, if kiss and run is defined as a clathrin-independent form of synaptic-vesicle recycling, then we find no evidence for the existence of kiss and run at the Drosophila NMJ.
Clathrin-Independent Membrane Internalization Fails to Form Synaptic Vesicles
It has been proposed that additional mechanisms of endocytosis exist at neuronal synapses that can be engaged during periods of prolonged nerve stimulation [5, 6, 8, 12] . Here, we demonstrate the stimulus-dependent formation of large internal-membrane compartments within synapses after Clc photoinactivation. Because the distribution of synaptic antigens such as anti-Brp and anti-HRP is grossly unaffected at the light level and the decay of EPSP amplitudes during a stimulus train is quantitatively similar to that observed after nerve stimulation in dynamin mutant animals, we propose that these internalmembrane structures represent reinternalized membrane rather than the aberrant fusion of synaptic vesicles within the nerve terminal. Interestingly, in the dynamin1 knockout, interconnected tubules of recycling membrane are capped by clathrin-coated buds of relatively uniform dimension (though not as uniform as the normal vesicle population) [27] . In contrast, the compartments observed after Clc photoinactivation lack any tubule-like restriction. These data suggest that clathrin normally participates in establishing the dimensions of internalized membrane, perhaps through the early recruitment of essential adaptor proteins.
Remarkably, our combined electrophysiological and ultrastructural data demonstrate that the large internal-membrane compartments that form after Clc4C photoinactivation and nerve stimulation are unable to resolve into functional synaptic vesicles within 6 min, a time frame that is normally sufficient to repopulate a significant fraction of the synaptic-vesicle pool at wild-type synapses [16, 34, 35] . Thus, the resolution of these internal-membrane compartments into synaptic vesicles requires clathrin. It is possible that these unusual membrane structures represent dramatically enlarged compartments that are normally limited by clathrin function. However, because membrane topology can be quite unusual at the EM level after Clc4C photoinactivation and stimulation ( Figure 5 ), we hypothesize that clathrin normally imposes some form of regulation on bulk membrane endocytosis, though not being strictly necessary for this process.
Experimental Procedures
The UAS-Clc4C transgene was generated by fusion of a 6 aa epitope (CCPGCC) in frame to the amino terminus of a Clc complementary DNA (cDNA) via polymerase chain reaction (PCR) and cloned into the pUAS-t vector. A homozygous viable insertion on the second chromosome (UASClc4C
2A
) was used throughout. Both the UAS-Clc4C and UAS-Clc-GFP (Bloomington stock #7107) transgenes were expressed presynaptically with the elaV c155 -GAL4 (Bloomington stock #458) and Sca-GAL4 transgenes [36] . All experiments were performed at third-instar stage at muscles 12 and 13 unless otherwise indicated. For Lumio photoinactivation experiments, dissected animals were either incubated for 15 min in Lumio solution (HL3 saline containing 0 mM Ca 2+ , 15 mM ethanedithiol [EDT], and 2 uM Lumio, available from Invitrogen) or a mock-Lumio solution (HL3 saline containing 0 mM Ca 2+ and 15 mM EDT), and were then rinsed twice in HL3 containing 0 mM Ca 2+ and 250 mM EDT for 10 min for the removal of unbound Lumio [16] . Larvae were transferred back to HL3 saline before imaging, fixation for EM, or electrophysiology.
Microscopy
Larvae were prepared for electron microscopy after stimulation by conventional procedures as described previously [26] . For quantification, the diameters of vesicular structures within 500 nm of each presynaptic active zone were measured. Multiple synaptic boutons from at least two animals from each genotype were analyzed.
Live imaging was done on a Zeiss Axioskop 2 microscope with a waterimmersion objective (633, 0.90 NA) with SlideBook software (Intelligent Imaging Innovations). Images were acquired with a cooled CCD camera including a back-thinned EEV57 chip (Roper Scientific), or a Cascade 512b (Roper Scientific). Imaging of fixed tissue was performed as previously described [17] .
Electrophysiology
Recordings were made from muscles 12 and 13 in abdominal segment A2-A3 of third-instar larvae with sharp electrodes (15) (16) (17) (18) (19) (20) , at indicated calcium concentrations, as previously described [15] .
FM4-64 Experiments
After Lumio labeling, NMJs either received photoinactivating illumination (3 min 488 nm illumination) or a 3 min rest period. In both cases, the motor nerve was stimulated for 12.5 min at 8 Hz in HL3 containing 2 mM Ca 2+ and 5 mM FM4-64 (Molecular Probes). The preparation was then washed continuously with cold HL3 containing 0 mM Ca 2+ for 15 min. For the unloading of FM, synapses were stimulated with HL3 containing 60 mM KCl, 15 mM NaCl, and 2 mM Ca 2+ for 5 min. The preparation was then washed a second time in cold HL3 containing 0 mM Ca 2+ , continuously for 15 min.
Immunocytochemistry
Polyclonal clathrin-light-chain antibody was generated by Cocalico Biologicals with a full-length Drosophila clathrin-light-chain-GST fusion protein.
Preparations were fixed with 4% paraformaldehyde for 25 min and incubated overnight with the clathrin-light-chain antibody at 1:1000 in phosphate-buffered saline with Triton-X (PBT) with 2.5% normal goat serum at 4 C. Other primary antibodies used were anti-Brp (used at 1:20, from the Developmental Studies Hybridoma Bank) and rabbit anti-Discs-large (1:10,000). In these experiments, larval fillets were fixed in Bouin's fixative (Sigma) for 2 min and incubated with primary antibody overnight at 4 C. Secondary antibodies (Alexa Fluor 555 and Alexa Fluor 488) and Cy5-conjugated anti-HRP antibodies were obtained from Jackson labs and used at 1:600 overnight at 4 C.
Supplemental Data
Two figures are available at http://www.current-biology.com/cgi/content/ full/18/6/401/DC1/.
